A highly segmented coaxial HPGe detector was operated in a low background counting facility for over 1 year to experimentally evaluate possible segmentation strategies for the proposed Majorana neutrino-less double-beta decay experiment. Segmentation schemes were evaluated on their ability to reject multi-segment events while retaining single-segment events. To quantify a segmentation scheme's acceptance efficiency the percentage of peak area due to single segment events was calculated for peaks located in the energy region 911-2614 keV. Single interaction site events were represented by the double-escape peak from the 2614 keV decay in 208 Tl located at 1592 keV. In spite of its prototypical nature, the detector performed well under realistic operating conditions and required only minimal human interaction. Though the energy resolution for events with interactions in multiple segments was impacted by inter-segment cross-talk, the implementation of a cross-talk correlation matrix restored acceptable resolution. Additionally, simulations utilizing the MaGe simulation package were performed and found to be in good agreement with experimental observations verifying the external nature of the background radiation.
Introduction
The recent verification of neutrino oscillations (1) (2) (3) (4) (5) (6) (7) (8) has highlighted the need to probe the nature and absolute mass scale of the neutrino. The observation of neutrino-less double-beta decay is the only practical method for characterizing the Majorana nature of the neutrino and, if observed, the half-life of the decay potentially probes the absolute mass scale of the neutrino. The Majorana collaboration (9) advocates the use of 76 Ge as a means for detecting neutrino-less double-beta decay. This strategy employs germanium as both source and detector, thus enhancing detection efficiency and reducing background. A region of interest ∼4 keV wide centered at the expected Q-value of 2039 keV will be monitored for a period of several years with tens of kilograms, possibly up to hundreds of kilograms, of HPGe enriched to 86%
76 Ge. Over this period, a significant number of events due to background will be observed in this energy window, possibly obfuscating any signal due to neutrino-less double-beta decay. As a result, proper background subtraction is essential. Several measures, including detector segmentation, are proposed to reject background counts observed in the region of interest.
The net distance traveled in germanium by electrons from neutrino-less doublebeta decay would be on the order of 0.5 mm from the site of the decay. As a result, a neutrino-less double-beta decay which occurred in a germanium crystal would essentially be an event with a single interaction site. On the other hand, gamma rays with a similar energy are more likely to interact with the germanium crystal several times at sites separated by ∼1cm as energy is dissipated through Compton scattering. Hence, significant background reduction can be achieved by rejecting events which occur at multiple interaction sites. This work utilized a highly segmented HPGe detector operated under realistic conditions to experimentally evaluate possible detector segmentation schemes. The high degree of segmentation, 8 azimuthal (φ) segments by 5 longitudinal (z) segments, allowed different segmentation schemes to be mimicked through the combination of individual segments during analysis.
The 1592 keV double-escape peak from the 2614 keV γ-ray in 208 Tl decay has been successfully employed as a metric for determining the efficiency of singlesite event filtering techniques (10) . Double-escape events, similar to neutrinoless double-beta decays, are currently resolvable as single site events in germanium. Individual segmentation schemes were evaluated based on their ability to retain double-escape events while suppressing background events that predominately deposit energy in multiple segments.
Experimental Details
The detector utilized in this work was originally designed to demonstrate Compton imaging with a single highly segmented germanium crystal (11) . The coaxial n-type crystal was manufactured by ORTEC and measured 5 cm in diameter and 8 cm in length with impurities reported as 5x10 −9 cm −3 at the front of the crystal to 10x10 −9 cm −3 at the back. The segmentation pattern was selected to optimize the system's ability to perform 360
• imaging in a horizontal plane. The outer boron contact contained 8 azimuthal segments (each 45
• ) and 5 longitudinal segments (each 1 cm in length.) These segments were isolated from the front and rear of the crystal, by 2 cm and 1 cm respectively, to distance them from non-uniform electric fields. The inner lithium contact was not segmented. Compact preamplifiers were mounted on a circular motherboard next to the cryostat. The preamplifiers and a schematic of the segmentation pattern are shown in Figure 1 . A digital signal acquisition system built by Struck Innovative Systems digitized the 42 detector channels (40 segments plus the front cap and the central contact) at a sampling rate of 100 MHz and a vertical resolution of 12 bits. The data were read through a VME-PCI interface and recorded on an acquisition computer.
The detector monitored ambient radiation at Lawrence Berkeley National Laboratory's low background counting facility in the powerplant of the Oroville dam located in Oroville, California. The facility is 180 m underground with a rating of 480 mwe (12) . Additional shielding was provided by a 2 inch thick lead castle and a 0.5 inch thick inner shield of electroformed copper. The detector operated continuously for 14 months with only a single elective power cycling. Human interactions with the system were limited to filling the liquid nitrogen dewar and replacing hard disk drives used for data storage. Over 2 TB of data were recorded, including the traces from each segment for every event. The average event rate was less than 1 Hz with a 5 keV trigger threshold. A significantly lower event rate would have been observed with a detector designed for low background work and shielding fabricated from appropriately selected material. Additional, increasing the triggering threshold would have further reduced the event rate. Individual segment energy resolution was on the order of 2.4 keV at 1460 keV. This reduction in resolution from the previously reported 1.9 keV at 1332 keV (11) was most likely due to the increased vibration and noise from the six turbine generators operating at the powerplant. Individual segment energy calibrations were determined from prominent background peaks, primarily due to decays in the 232 Th chain. Calibrations remained stable for the course of the experiment with the exception of a single shift, on the order of 2.5 keV, due to the power cycling of the system. The data discussed here constituted measurements taken during a live time of ∼19,322,000s, or ∼224 days.
Results
Data analysis was hampered by the presence of cross-talk primarily between longitudinally related segments. This phenomenon occurred when the collection of charge in one segment altered the baseline of an adjacent segment due to coupling of the readout channels. Subsequently, legitimate energy deposited in an affected segment was reported inaccurately. The magnitude of the crosstalk, ∼1-3% of the energy deposited in the initial segment, deminished the resolution of multi-segment events to 11 keV at 1460 keV. In addition, the central contact exhibited significant degradation in energy resolution due to leakage current across the rear face of the crystal. As a result, event energy could not be determined accurately using the central contact signal.
To quantify the degree of cross-talk for each segment, events consisting of a single triggered segment were examined and the baseline deflections in the remaining segments were determined. A cross-talk correlation matrix was then constructed detailing the degree of each individual segment's effect on all other remaining segments. This allowed events susceptible to cross-talk to be identified as events containing correlated segments. The appropriate amount of energy could then be added to the cross-talk affected segments resulting in a more accurate sum energy for the event. The correction improved the energy resolution of multi-segment events to 5 keV at 1460 keV, sufficient to evaluate the merits of additional segmentation schemes. Samples of the corrected spectra are shown in Figure 2 . The red spectrum contains only events with a single triggered segment according to the detector's native 8φ by 5z segmentation pattern. The blue spectrum contains the remaining multi-segment events. The double-escape peak is clearly present in the single segment spectrum and is missing from the multi-segment spectrum. The increased width of the 228 Ac 1588 keV peak, shown in the inset, is due to its predominantly multi-site nature and its subsequent susceptibility to cross-talk. The reduced magnitude of the 1588 keV peak relative to previous work (10) was consistent with the diminished level of activity of 228 Ac at the site. The correction of the cross-talk phenomenon allowed the multiplicity and energy of multi-segment events to be determined through the summation of individual segment energies.
Segmentation Analysis
The evaluated segmentation schemes were created by combining native detector segments during analysis. For example, a scheme containing only longitudinal segments, 1φ by 5z, was mimicked by treating each longitudinal segment's 8φ segments as one continuous segment. Two spectra were created for each evaluated segmentation scheme to gauge its ability to reject multi-segment events while retaining single-segment events. The first spectrum contained all events from the relevant segments regardless of the number of interaction sites. The second spectrum contained the subset of those events which occurred in a single segment as determined by the scheme under examination. A series of photopeaks spanning the desired energy region, 911 to 2614 keV, were selected, including the 1592 keV double-escape peak. The area under each peak was determined in both the complete and single-segment spectra using a least-squares fitting routine which determined peak area above background. The acceptance efficiency, defined as the ratio of these peak areas
where M stands for multiplicity, was determined for each peak under each segmentation scheme. A sample plot for schemes differing in azimuthal segmentation, all with five longitudinal segments, is shown in Figure  3 .
Due to its single-site nature, the double-escape peak at 1592 keV exhibited a consistently high acceptance efficiency ratio, retaining upward of 80% of its constituent events after a single segment cut on the data for each examined segmentation scheme. The other peaks, predominately due to higher multiplicity interactions, showed diminished acceptance efficiency which continued to decrease with increasing energy. Acceptance efficiencies for each segmentation scheme were also calculated for the continuum at the anticipated decay location of 2039 keV. These values showed roughly 50% of the background events in this region remained after a single segment cut on the data. The acceptance efficiencies for the measured peaks under each segmentaion scheme are shown in Table 1 and Table 2 . The acceptance efficiencies for each of the twenty segmentation schemes are plotted in Figure 4 where each panel contains variations in the number of longitudinal segments for a given number of azimuthal segments. The examined segmentation schemes have been ranked according to acceptance efficiency of the 1460 keV peak in Figure 5 . Values for the continuum and double-escape peak are shown for each segmentation scheme as well.
Simulations
Monte Carlo simulations were performed using MaGe (13), a simulation environment designed for the Majorana collaboration. MaGe is based on the Geant 4 (14) analysis toolkit and ROOT (15) data analysis framework. The simulation model included an 8φ by 5z segmented detector and its cryostat as well as a lead castle and copper shielding consistent with the experimental conditions. The decay of 40 K and the decay chain for 232 Th, starting at 228 Ra, were included in the simulation. The abbreviation of the 232 Th series was due to floating point precision errors in Geant 4 when dealing with nuclei with long, ∼10 10 yr, half-lives. The subsequent effect on this analysis was negligible. The initial decay vertices were sampled uniformly from the empty space between the inner copper shield and the cryostat. Simulated spectra were generated for each segmentation scheme and peak areas were determined with the method described above. Calculated acceptance efficiencies are shown in Table 3 . A comparison between observed and simulated values for the 8φ by 5z segmentation pattern is shown in Figure 6 . The simulations show good agreement with the data supporting the attribution of the background radiation to external sources.
Discussion
A highly segmented HPGe detector was placed in a low background environment and operated successfully for over one year. A minimum of effort was required to operate the detector and individual segment calibrations remained stable. Increased noise and vibration of the environment and intersegment cross-talk, due to poorly shielded preamplifiers, adversely impacted the energy resolution of the detector. Additionally, the resolution of the central contact was degraded due to its sensitivity to leakage current. Although acceptable energy resolution was restored with a cross-talk correlation matrix, these factors should be considered when planning future experiments. Twenty possible segmentation patterns were evaluated on their ability to retain events consisting of a single segment while rejecting events composed of multiple triggered segments. Acceptance efficiencies produced using the Majorana MaGe simulation environment showed good agreement with their experimentally determined counterparts.
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